In order to study left ventricular performance and motion under ischemic stress, incremental atrial pacing was performed in 10 patients with angiographically proven coronary artery disease until angina pectoris or segmental S-T depression appeared. 
SUMMARY
In order to study left ventricular performance and motion under ischemic stress, incremental atrial pacing was performed in 10 patients with angiographically proven coronary artery disease until angina pectoris or segmental S-T depression appeared. Single-plane left ventricular cineangiograms were obtained in both the resting and the transiently ischemic state induced by pacing.
Abnormal motion appeared with pacing in two of three patients with normal contraction at rest; in one of them, gross dyskinesis of the cardiac apex was noted. Seven patients had abnormal contraction at rest; six showed an increase in either the severity or the topographic distribution of abnormality, while one showed no change.
Left ventricular end-diastolic pressure and cardiac index were not altered significantly despite changes in the pattern of contraction. Left ventricular end-diastolic volume decreased irrespective of the development of asynergy, but ejection fraction decreased markedly in those patients in whom asynergy was induced de novo or increased.
Thus left ventriculography during pacing-induced ischemia may reveal segmental or generalized abnormalities of contraction not necessarily reflected in the usual hemodynamic parameters of function. Moreover, asynergy induced by pacing is associated with a decreased ejection fraction.
Additional Indexing Words:
Asynergy Left ventricular end-diastolic volume Ischemia A BNORMALITIES of segmental contraction of the ventricle at rest have been defined' and their contribution to ventricular dysfunction recognized.2 Whether these abnormalities are permanent or dynamic and whether they are dependent upon the moment-to-moment metabolic requirements of the myocardium is less well understood. If such changes do occur, it may be possible to elicit and define areas of the myocardium that are potentially subject to ischemia by stressing the heart.3 In some patients with extensive coronary disease, the left ventricle may contract uniformly during control studies since myocardial ischemia may not be present. Temporary ischemia may be provoked by interventions which increase mechanical activity of the heart and its energy requirements beyond the capacity to augment coronary blood flow.
The production of myocardial ischemia within a laboratory setting has posed both complex technical and physiologic problems. Abbreviations: LAD = left anterior descending artery; RCA = right coronary artery; LCF -left circumflex artery; A = apicosuperior quadrant; B = basosuperior quadrant; C = basoinferior quadrant; D = apicoinferior quadrant; S = increase in severity; E = increase in extent; ak = akinesis; hypok = hypokinesis; and dysk = dyskinesis. contrast material, injected at 400 psi. The distance from X-ray tube to table top was measured. Distortion due to parallax exhibited only a 5% increase in the outer third of the field.' Again to obviate the myocardial depression secondary to the administration of contrast material'9 20 a long recovery period averaging 40 min was allowed (range 27-60 min) after the first left ventriculogram. The recovery period was increased to 48-60 min whenever angina had been experienced by the patient during the coronary angiograms (patient 5) or after the left cineventriculogram (patient 9).
A no. 8 BE bipolar electrode catheter of the Goodale-Lubin type was then positioned in the coronary sinus. Left ventricular pressure, repeat cardiac output (in five cases), and lactate levels from the lateral coronary sinus site and the brachial aitery were measured. Pacing was performed in all patients at rates of 100, 120, 130, 140, and 150 beats/min sequentially for 2 min at each rate. LV pressures and a complete ECG were obtained at each rate. The heart rate was not increased to a higher rate if the patient developed chest discomfort similar to previous anginal attacks, whenever the ECG showed significant segmental S-T depression (1 mm or more), or if a heart rate of 150 beats/min had been reached. When one of these states was obtained, cardiac output was measured in five cases and arterial and coronary sinus blood samples were again taken for lactate determination.
After completion of these observations, the pacing was discontinued providing a recovery period averaging 16 min (range 12-25 min). The pacemaker was then reactivated at the same rate that had induced chest pain and/or S-T change. When neither had occurred, a rate of 150 beats/min was used. After 3 to 4 In contrast with the no7rmnal contraction demonstrated in the control state, extensive asynergy appeared with pacing.
Results
The clinical iniformation is given in table 1 figure 1 . Asynergy was presen-t during the control state in seven patients; pacing tachycardia iniduced an increase in the severity of asyniergy in three patients (cases 1, 5, anid 7), and an inicrease in the topographic distribution of abnormality in three others (cases 2, 6, an-d 10), while one showed ino change. Of three patien-ts with normal contraction at rest, asyniergy appeared de novo with pacing in two cases (3 and 9). Extensive asynergy appeared in patient 9: Segment A became akiinetic, C hypokinietic and asynchronous, anid D became dyskinetic in midsystole ( figs. 2, 3) . In patient 3, localized asynergy (segmen-t A) was induced by pacing ( fig. 4) .
In five patienits the mean values of cardiac output in both state were similar, averaging 2.7 and 2.7 liters/mill/m2, respectively. The changes in LVEDP, LVEDV, and EF are plotted in figure 5. Ejection fraction declined in six of eight patienits who developed or had augmented asyn-ergy during pacing. Ejection fraction was unchanged in two patients without induced asynergy (patients 4 and 8). The values for EF are plotted against duration of symptoms in figure 6. The relationship between abnormal lactate utilization and regionally impaired LV dysfunction during pacing was not clear in this small group. Two subjects with abnormal lactate responses (cases 4 and 8) failed to show induced asynergy, while four other subjects (5, 6, 7, and 10) without metabolic evidence of ischemia manifested an increase in severity or extent of asynergy in the paced state. The two subjects with normal ventricular motion in the control state who developed asynergy (3 and 9), both revealed metabolic evidence of ischemia.
Pressure-time per minute tended to increase with increasing heart rate ( fig. 7 ).
Discussion
Tachycardia induced by pacing has the advantage of increasing the oxygen needs of the heart per minute on a readily reversible Crculation, Volume XLV, June 1972 basis without augmentation in blood pressure or cardiac output.5' 7, 8 It has therefore been used to evoke transient myocardial ischemia in patients with coronary artery disease and limitations of coronary blood flow. [4] [5] [6] 9 The physiologic consequences of induced tachycardia have been investigated in a variety of animal preparations.24-30 As heart rate is increased, ventricular filling is reduced, and both EDV and ESV fall as a consequence of the Frank-Starling mechanism.31 32 Accordingly, stroke volume falls and cardiac output is relatively unchanged. Indeed, Bristow's data show a parallel decrease of about 40% in both EDV and SV with 150% increase in heart rate so that ejection fraction remains essentially unchanged. 28 An increase in cardiac oxygen consumption per minute generally occurs as heart rate increases. This results from a cumulative increase in stress development per minute as well as from an augmentation of contractile state of the heart during each individual beat.'0
In the present study, it has been shown that although a synchronous contraction and normal ventricular function may be present at rest, major abnormalities of segmental motion in the wall of the ventricle may be induced by the ischemic stress of an increased heart rate.
In the 10 patients studied, eight demonstrated new or increased asynergic contraction in the presence of an increased heart rate. These abnormalities of motion occurred in the distribution of known obstructive coronary lesions. Furthermore, pump function of the heart was temporarily impaired as reflected by a reduction in ejection fraction. This transitory reduction in localized myocardial function, during a period of increased oxygen requirement, may parallel events occurring during angina pectoris.
These data are in keeping with previous observations of changes in myocardial wall characteristics during experimental ischemia33 or ischemia induced by pacing in man.17 As pressure and volume were not recorded simultaneously in the present study no definite conclusion can be drawn regarding pressurevolume relationships.
The findings of the present study have theoretical and practical implications. First, they are in agreement with the model of paradoxical muscle contraction during hypoxia proposed by Tyberg et al. 34 indicating that paradoxical motion reflects a dissociation in the time course of tension development between ischemic and nonischemic muscle. Second, they reinforce the concept that in the presence of induced ischemia, acute and reversible asynergy may play an important role in the impairment of myocardial function.' The dynamic, and often reversible, aspects of asynergy with its possible role in various poorly understood clinical catastrophes, have only begun to be appreciated. This may explain "acute" left ventricular failure, pulmonary edema, or even cardiogenic shock potential ischemic areas of the heart during preoperative evaluation.
